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ABSTRACT 
A small catchment on abandoned fields in the Pyrenees was mo- 
nitored with the TDR method to evaluate the temporal and spatial va- 
riations of soil water content in relation with the hydrological respon- 
se. The first results obtained over one year show a series of three 
periods of increasing wetness and three periods of decreasing wetness. 
Frequently saturated zones show high moisture values and stability 
over several rnonths, mesophile grassland zones show a wide and va- 
riable moisture range, and forested zones show the lowest soil moistu- 
re contents. 
Key words: TDR, experimental catchment, abandoned fields, 
Pyrenees, soil water content. 
1. INTRODUCTION 
Studies in the Cal Parisa basin (Alt Llobregat) showed 
the great importance of the antecedent soil water content 
conditions in its hydrological functioning (Llorens, 
1991). On the other hand, the abandoned agricultura1 te- 
naces play an important role in the spatial distribution 
of saturated areas (Llorens et al. 1992, Gallart et al. 
1994). These results showed the need for an accurate 
evaluation of temporal and spatial variations of soil wa- 
ter content with special emphasis on the role of the to- 
pographic structure and abandoned terraces, together 
with the effect of the forest expansion. 
The soil water content monitoring design needed to fit 
the following requisites: 1) to measure a wide range of 
soil water content; 2) to be repeatable and non destructi- 
ve, allowing different measurements at the same point; 
3) a sufficient number of measurement points to obtain 
a good assessment of spatial soil water content varia- 
tion; 4) to measure surface soil water content; and 5) 
economical, easy to install and quick to measure sen- 
sors. 
The TDR method has been considered the optimum, be- 
cause it does not involve environmental problems, 
allows to install a large number of probes at low price 
without soil calibration problems. 
2. MATERIAL AND METHODS 
2.1. The study area 
The Cal Parisa catchment is located in the eastern Pyre- 
nees, in the headwaters of the Llobregat river valley at 
1400 m altitude (Fig. 1). This small catchment has an 
area of 36 ha. The climate is Mediterranean mountai- 
nous with a mean annual precipitation of 850 mm. The 
mean temperature is about 9°C (Llorens et al. 1992). 
The catchment shows four main geo-ecological units 
(Llorens, 1991): a) Abandoned terraces (40 % of surfa- 
ce); b) Bare limestones (6 %); c) Slope zone (17 %) and 
d) Old mudflow (36 %). 
The abandoned terraces were built to supply cereals to 
Bare limestone Debris flow 1982 
Irregular poorly 
drained area m Saturated areas 
Figure 1. Main geoecological units of Cal Parisa experimental catchment (Llorens, 1991) with location of TDR profile stations: TH, wet terrace; TS, 
saturated terrace; IC, divide clearing; IB, divide forest; VC, hillslope clearing and VB, hillslope forest. The pointed lines show the five transects with 
TDR probes. 
feed the increasing population during 19 th. Century 
(Gallart et al. 1994). The construction of terraces in 
such a clayey area needed the opening of artificial chan- 
nels to drain water from saturated areas and to impede 
runoff across the terraces. Nowadays these terraces are 
abandoned and the area is used for cattle browsing. 
The second geoecological unit (bare limestone) repre- 
sents the northem and eastem divides of the catchment 
and belongs to an anticlinal flank. 
The third unit (slope zone) is located near the bare li- 
mestone unit and shows a steep gradient towards the 
South (30 to 40 %) with some old small terraces. 
The fourth unit (old mudflow) is a small range which 
separates two subcatchments (Fig. 1). Every catchment 
shows a different drainage system. The left (eastem) ba- 
sin is drained by an artificial net of channels, whereas 
the right (westem) exhibits a less modified drainage net. 
The forest (Pinus sylvestris) overgrows in this area with 
gradual abandonment, the forest surface increased from 
5% to 25% of the whole area during the period between 
1967 and 1988. 
The Cal Parisa soils are clayey with a significant con- 
tent of expansive clays (Smectite). The high content of 
organic matter of these soils, together with the satura- 
tion by calcium involve a great structural stability in 
their shallow horizons (Solé et al. 1992, Pérez 1991). 
Precipitation, weather and runoff data are recorded in 
the Cal Parisa catchment since june 1989 (Llorens, 
1991). 
2.2.  Method 
The Time Domain Reflectometry (TDR) was designed 
to find breaks in buried cables. The TDR cable tester 
measures the double travel time needed by a high fre- 
quency electromagnetic pulse to go and retum along a 
cable. The speed of this wave depends on the relative 
dielectric constant which is characteristic of the insula- 
ting material. If wave guides are inserted into the soil, 
this acts as insulating medium, and its dielectric cons- 
tant depends on the influence of each soil phase (water, 
air and mineral solids). The dielectric constants of these 
phases are: 80.36 (at 20 CO), 1 and 3 to 5 respectively. 
This great contrast between the dielectric constant of 
water and the rest of the soil phases produces a good re- 
lation between soil dielectric constant and moisture con- 
tent, the higher is the soil water content, the longer time 
the electromagnetic wave takes. This idea was develo- 
ped by Topp et al. (1980). 
To measure soil water content with TDR, a probe made 
of steel rods is inserted into the soil. This probe is con- 
nected to the TDR by a coaxial cable. There are diffe- 
rent models of probes depending on the number of rods 
(2, 3, ...), distance between rods, and length of the rods. 
We use a probe of three stainless steel rods which have 
the same length and are parallel on a sarne plane (Zege- 
lin et al., 1989). The central rod is connected to the cen- 
tral conductor of the coaxial cable and the lateral rods to 
the shield. In this way, the probe behaves like a coaxial 
cable into the soil, without significant impedance break. 
The relative dielectric constant is obtained from the 
TDR signal by: 
K = (Va / Vs)'= (ts / tal2 
K= soil relative dielectric constant. 
Va= wave speed in the vacuum. 
Vs= wave speed in the soil. 
ta = travel time in the vacuum. 
ts = travel time in the soil. 
To obtain the soil water content from the dielectric cons- 
tant there are two main kinds of models: a) empirical 
models (Topp et al. 1980) and b) mixture models. We 
used a mixture model based in Roth et al. (1990) which 
has given the best results in our experimental data: 
O = volumetric moisture content (cm3/cm3) 
q = soil porosity (cm3/cm3) 
K,= relative dielectric constant of the air 
K,= relative dielectric constant of the solids 
Kw= relative dielectric constant of the water 
a = geometry parameter 
To calculate the soil water content with this model we 
assumed the following values: a) porosity has been ta- 
ken equal to the moisture of saturated soil or n = 0.5 if 
saturation was never reached; b) = 0.5 which indicates 
an isotropic soil; c) Ks = 4; d) Ka = 1; e) relative dielec- 
tric water constant depends on water temperature 
(Handbook of Physics and Chemistry, 1986): 
Kw=78.54 [ l  - (4.579 10e3(t - 25)+1.19 10-5(t - 25)' 
- 2.8 10-*(t - 25)3)] 
t = temperature ("C) 
2.3. Monitoring 
The instrument used to measure TDR signal was the 
Tektronix 1502C Metallic Cable Tester. The catchment 
monitoring design to study the field soil water content 
consisted of two different systems: transects and profi- 
les. 
1) Transects: These were designed to evaluate surface 
soil water content (from O to 20 cm) along different 
environments in the catchment. We installed 108 
probes along 5 transects (Fig. 1). These transects are 
2160 meters long and cover about 30 ha. The measu- 
rements have been made every three months. The 
probes consisted of three rods with 8 mm diameter, 
200 mm length and 40 mm of separation. 
2) Profiles: The objective of these profiles was to eva- 
luate temporal variation of soil water content and 
water storage and to characterize these variations in 
selected representative catchment environments. Six 
stations were installed (Table 1) where measure- 
ments have been made every week. These probes 
had three rods with 6 mm diameter, 200 rnrn length 
and 25 mm of separation; these probes are perrna- 
nently buried in the soil, with only the coaxial cables 
emerging from it. 
Every station comprises four probes of 20 cm, vertically 
inserted in the soil at four different deeps (0-20, 20-40, 
40-60 and 60-80 cm). The stoniness of the soil forced us 
to make boreholes with an auger and afterwards to in- 
troduce the same soil without stones bigger than 1 cm 
before inserting the probe. The surface probes were di- 
rectly introduced in the natural soil. 
2.4. Calibration 
We carried out three kinds of tests with the TDR met- 
hod to verify its validity and the error range: 1) a labora- 
tory test with a disturbed soil cylinder; 2) an evaluation 
of the bulk density and the gravimetric soil water con- 
tent in the field; and 3) an operator error analysis. 
I 
0.1 0.2 03 0.4 0.5 0.6 0.7 
Gravirnetric rnethod (crn3lcrn3) 
Figure 2. Volumetric soil water content obtained by TDR versus volu- 
metric water content obtained by gravimetric rnethod in the labora- 
tory. 
2.4.1. Laboratory test 
A soil sample taken near the "Wet terrace" TDR station 
was dned and sieved to 2 mrn. Soil was introduced and 
packed in a container of known volume (3632 cm3). 
The sample soil bulk density was 1.1 g/cm3 and the po- 
rosity 0.59 cm3/cm3. We performed both a wetting and 
a drying sequences. Before taking TDR measurements 
we recorded the sarnple temperature to control the de- 
pendence of water dielectnc constant. 
The regression between two methods (gravimetry and 
TDR) gave us a very low average error (0.0125 
cm3/cm3). The intercept is not significantly different 
from O and the slope is not different from unity: 
8 TDR = (0.995 8,,,,) + 0.010 
1 
4 
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Figure 3. Comparison between gravirnetric soil water content and vo- 
lurnetric soil water content (TDR method) near "Wet terrace" TDR 
station (O a 20 cm). Each method was applied to different points, this 
fact explaining the high scatter of data. 
O,,= Volumetnc moisture (gravimetry) (cm3/cm3) 
BTDR= Volumetric moisture (TDR) (cm3/cm3) 
R squared R2 = 0.995 
Number of samples= 28 
2.4.2. Field verification 
Dunng the penod 17/02/1993 to 06/05/1994, every we- 
ek we took 0-20 cm deep soil samples near the "Wet te- 
rrace" TDR station to compare the gravimetric and the 
TDR methods and to estimate the bulk density of these 
soils and its possible variation for different moisture 
ranges. We obtained 45 data pairs from two methods. 
The results were (Fig. 3): 
Table 1. TDR stations installed in the Cal Parisa catchment to monitor soil water content in profiles 
O - 0.8 m depth. 
Station 
Wet Terrace 
Saturable terrace 
Divide forest 
Divide clearing 
Hillslope forest 
Hillslope clearing 
Vegetation 
Mesophile grassland 
Molinia coerulea 
Grassland with Pinus sylvestris 
Mesophile grassland 
Pinus sylvestris 
Xerophile grassland 
Gradient(%) 
1-20 
21-30 
11-20 
1 1-20 
41-50 
41-50 
Drainage 
Convergent 
Convergent 
Divergent 
Divergent 
Lateral 
Lateral 
Geomorphical unit 
Terrace 
Terrace 
Old mudflow 
Old mudflow 
Little tenaces 
Little tenaces 
Time (days) 
Figure 4. Total water storage from TDR station profiles (O a 80 cm) dunng the penod from 13/05/93 to 13/04/94. TH, wet terrace; TS, saturated te- 
nace; IC, divide clearing; IB, divide forest; VC, hillslope clearing and VB, hillslope forest. TS was instrumented later (07/10/93). 
1) The regression between the two methods shows a go- 
od dependence (R2 =0.78) in spite of the spatial soil 
water content variability. 
2) The dispersion between two methods is maximum 
when soil water content is high (when moisture is 
mainly controlled by soil stmcture), and minimum in 
low soil water content (when moisture is controlled 
by soil texture). Nevertheless, the relative error is 
nearly constant along al1 the soil water content ran- 
ge. 
3) The slope of the regression between gravirnetnc soil 
water content and volumetric soil water content, which 
corresponds to soil buik density, is 1.22 g/cm3 (Fig. 3) 
and shows a good similarity with other field data. The 
linear regression shows a good fit between two met- 
hods, this would demonstrate that field buik density is 
not si@icantly affected by moderated soil water con- 
tent in these soils, although there is some uncertainty 
for high values of soil water content (fig. 2). 
2.4.3. Operator error 
course. The time between two successive measurements 
in the same point was about one hour. 
The differences between these three measurements re- 
present a standard error of f 0.005 cm3/cm3. This error 
range represents about the half of the laboratory error. 
3. RESULTS 
Data were studied from TDR stations during the period 
May 93 to April 94. This period had normal weather 
conditions. The "Saturated terrace" was installed later 
than others (October 93). We are going to analyze both 
aspects of catchment soil water content: temporal varia- 
tion and spatial distribution. 
3.1. Catchment water reserve: temporal variation 
We have compared the total water storage of TDR 
profile stations to analyze the temporal variation th- 
rough the year: 
To evaluate the error that the operator can make in the S=CI4 (Oi hi) 
interpretation of the TDR curve, we repeated three mea- 
surements at the six TDR stations. First we made a mea- S = Storage water volume in al1 the profile (mm) 
surement at these stations, and aftenvards we repeated Qi= Volumetric water content at every depth (mm3/mm3) 
twice the measurements with the same order of the first hi= Probe length (200 mm) 
Table 2. Maximum, minimum, mean and deviation of water storage for every TDR station (from O to 80 
cm). Period May 93 - April 94. (1) The "Saturated terrace" station has a shorter recorded period (Octo- 
ber 93 to April94). 
Over the year we obsewed six periods: three wetting pe- 
riods and three drying periods (Fig. 4). The wetting pe- 
riods occur during spring and autumn storms and during 
the snow melting at the end of winter. The highest water 
storage corresponds to spring (375 m ) ,  the other two 
wet periods are similar in storage (280 mm in auturnn 
and 305 mm in winter) (Fig. 4). 
Station 
Wet terrace 
Divide clearing 
Divide forest 
Saturated terrace (') 
Hillslope clearing 
Hillslope forest 
The drying periods occurred during transitions between 
altum and winter, winter and spring, and spring and 
summer. The lowest water storage was recorded during 
summer (180 mm), the second lowest during winter- 
spring (230 mm) and the last during altum-winter (250 
mm). The quicker drying period was obsewed during 
spring. The other two periods are similar. 
3.2. Spatial behaviour: profiles 
Max. storage (mm) 
407 
420 
359 
484 
368 
397 
We observed three groups of the same behaviour in the 
six stations according to total storage water of every sta- 
tion (Table 2) and the soil water content profile at every 
depth (Fig. 5). 
a) Saturable zones: This group is represented by "Satu- 
rated terrace" station. Its maximum storage is high 
(476 m ) .  The moisture profile remained saturated 
and constant with a deviation of only 7.9 mm. Ne- 
vertheless there are no data of the late spring when 
the station is assumed to desaturate at the surface 
(Fig. 5). The TDR station has recorded soil water 
content values between 0.55 and 0.65 cm3/cm3. 
Min. storage(mm) 
198 
209 
157 
448 
178 
144 
b) Clearing zones: This group is formed by "Hillslope 
clearing", "Divide clearing" and "Wet terrace". 
Their mean storage is 275 mm, which is 200 mm lo- 
wer than "Saturated terrace" one. On the other hand, 
we can observe along the profile of these stations, an 
increasing soil water content with depth (Fig. 5). 
Mean storage (mm) 
29 1 
283 
224 
476 
268 
218 
c) Forest zones: "Hillslope forest" and "Divide forest" 
TDR stations from this third group which has recor- 
ded the lowest soil water content values, with mean 
water storage of 220 mm and soil water content pro- 
files between 0.24 and 0.29 cm3/cm3 (Fig. 5). Ne- 
vertheless, the water storage variation between the 
two forest stations are different: "Hillslope forest" 
presents a deviation of 46 mm and "Divide forest" of 
only 35 mm. 
Std. deviation (mm) 
48 
35 
36 
8 
39 
50 
3.3. Spatial variation: sui$ace transects 
The profile stations data show a great variation in surfa- 
ce water content (0.02 to 0.13 cm3/cm3) while in depth 
they are more similar (0.04 to 0.08 cm3/cm3) (Fig. 5). 
For this reason we analyzed the surface soil water con- 
tents obtained in transect 3 to see the variation range. 
This transect contains 25 probes along 322 meters and 
crosses the basin from south to north connecting the fo- 
llowing TDR stati0ns:"Divide forest", "Wet terrace", 
"Saturated terrace" and "Hillslope forest". At the same 
time this transect crosses four different catchment envi- 
ronrnents: wet terraces, saturated terraces, forest zones 
and hillslope zones. 
At this moment we have moisture data from eight diffe- 
rent moments during the year. We choose the driest and 
the wettest points of 05/08/93 and 16/02/94, respecti- 
vely (Fig.6). Along this transect we can observe: a) The 
hillslope zone has the lowest homogeneous soil water 
content A similar fact happens in the forest zones but 
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Figure 5. Soil water profiles (means and deviations) from Cal Parisa catchment dunng the same periods of figure 4. 1 
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the soil water content is a little wetter; b) The terrace the porosity with dependence of soil water content, but 
zones show a higher soil water content with a great va- the experimental data show that the surface soils with a 
riation among recorded points along the transect. The great content of organic matter have a low variation in 
maximum soil water content was recorded in the satura- porosity and bulk density. Therefore the TDR applica- 
ble zones covered by Molinia coerulea. tion in this kind of soils does not need a continuous co- 
rrection of the porosity parameter in the mixing func- 
tion. 
4. DISCUSSION AND CONCLUSIONS 
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The soil water content error obtained in the laboratory 
with the TDR method (0.01 cm3/cm3) confirms that this 
is a good method to measure the soil water content. This 
error range includes the operator error (0.005 cm3/cm3) 
and the remaining errors can be attributed to mistakes in 
the parameter data used for the mixing function (poro- 
sity, geometric factor, dielectric solid constants and 
temperature). The computation of soil water content 
from TDR readings is sensitive to the porosity, which 
was obtained from saturated values. The presence of 
expansive clays in the soil could involve a variation of 
7 O 01 02 03 04 06 O@ 0.7 
Moisture (crn3/cm3)  
The moisture profiles do not attain a depth of constant 
under moisture. This fact indicates that we are underes- 
timating the soil storage and its temporal variation. On 
the other hand, the soil volume where the measurement 
performed with non-surface probes (20 to 80 cm) was 
disturbed to allow the introduction of the rods. For this 
reason the recorded water contents represent some equi- 
librium with the surrounding natural soil, but the abso- 
lute values could be a little different. The deepest probe 
from the "hillslope forest" station gave some odd rea- 
dings (see fig. 5) that can be caused by this problem. 
Surface soil moisture (O to 20 cm) 
along transect 3. Cal Parisa basin. 
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Figure 6.  Shallow soil water content (O to 20 cm) of the transect number 3. This transect traverses different catchment environments: pine forest, te- 
naces, saturated area and hillslopes. 
4.3. Results 
The temporal variation of the soil water content in the 
Cal Parisa catchment shows three drying periods and th- 
ree wetting periods. These periods are controlled by pre- 
cipitation and evaporative potential of every season. The 
maximum water storage in not saturated stations was re- 
corded during spring (375 mm) while the minimum was 
recorded during summer (150 mm). 
The spatial variation of soil water content is very high. 
Three factors: vegetation cover, topography and terra- 
ces, seem to control this variation. These factors involve 
different processes, like a higher water loss (forest), and 
lateral transfer of water (from dry upper hillslopes to- 
wards saturable hollows). From wet to dry, the environ- 
ments can be sorted as saturable terraces, wet tenaces, 
forest zones and high hillslope zones of transect 3. 
The temporal variation of water storage in every zone is 
found to depend on lateral drainage processes. For this 
reason in the high slope zones the deviations are very 
high (46 mm in "Hillslope clearing" and "Hillslope fo- 
rest") and on the other hand, "Wet terrace", very near to 
a natural drainage line, recorded a high leve1 of varia- 
tion in water storage. On the contrary, the most constant 
water storage recorded has been "Saturated terrace" sta- 
tion which belongs to a saturable area by convergent hy- 
podermic slow flow. 
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